Abstract: Self-phase modulation in fiber amplifiers can significantly degrade the quality of compressed pulses in chirped pulse amplification systems. Parabolic pulses with linear frequency chirp are suitable for suppressing nonlinearities, and to achieve high peak power pulses after compression. In this paper, we present an active time domain technique to generate parabolic pulses for chirped pulse amplification applications. Pulses from a mode-locked laser are temporally stretched and launched into an amplitude modulator, where the drive voltage is designed using the spectral shape of the input pulse and the transfer function of the modulator, resulting in the generation of parabolic pulses. Experimental results of pulse shaping with a pulse train from a mode-locked laser are presented, with a residual error of less than 5%. Moreover, an extinction ratio of 27 dB is achieved, which is ideal for chirped pulse amplification applications.
Introduction
Chirped pulse amplification (CPA) has been widely used to achieve pulses with high energy for many applications such as radar technology or non-thermal ablation [1] [2] [3] [4] [5] . Increased energy per pulse can be extracted from gain media if the pulse is chirped and temporally stretched to a pulse duration longer than the storage time of the gain media [6, 7] . However, in fiberized systems, when desired energy levels are in the miliJoule range, pulse amplification is limited because nonlinearities and dispersion of the gain media can cause severe pulse distortion and consequently degrade the pulse quality. As a result, advanced measures are required to mitigate the effect of nonlinearities and dispersion. Pulse shaping techniques that control amplitude and phase of input pulses have been investigated, and have significantly improved the performance of CPA systems [8] [9] [10] .
Optical pulses, whose temporal shape is parabolic, appear to be a very suitable candidate for reducing the impact of nonlinearities and to achieve high peak powers [8] . The use of parabolic pulses for fiber CPA has attracted considerable attention due to their ability to retain their intensity profile during propagation in highly nonlinear and dispersive media [11] [12] [13] . Self-phase modulation, which is proportional to the temporal intensity of the pulse, induces a linear frequency chirp during amplification of parabolic pulses. The linear chirp also allows efficient pulse compression, therefore making parabolic pulses especially suitable for use in a wide range of applications, such as high power femtosecond lasers, super-continuum generation for optical telecommunications, fiber amplifiers and chirped pulse amplification [14, 15] .
Several different approaches for parabolic pulse generation have been demonstrated. One of the earlier investigations in parabolic pulse generation was the theoretical demonstration of self-similar propagation of short pulses of parabolic intensity profile in optical fibers with normal group-velocity dispersion (GVD) and strong nonlinearity [13] . This concept has also been extended to optical fiber amplifiers, taking advantage of the asymptotic reshaping which occurs upon propagation within fiber amplifiers. By using the symmetry reduction technique, parabolic pulses were shown to propagate self-similarly in a normal dispersion rare earth doped fiber amplifier [11, 14, 16] . Since then, much work has been done to generate parabolic pulses using dispersion-decreasing fiber (DDF) with normal group velocity dispersion [17, 18] , Raman amplification in optical fibers [19] , and active or passive dispersion decreasing optical fibers [20] . Further investigations to passively generate parabolic pulses using tapered dispersion-decreasing fibers have also been reported [21, 22] .
The quality of the parabolic pulses generated with these approaches is only moderate, because the input pulses evolve asymptotically into a near parabolic shape. Also, as the pulses propagate, even as they retain their parabolic shape, their width and amplitude change, so there is not a well-defined mechanism to actively and dynamically control pulse characteristics. Also, it has been shown that third order dispersion and linear absorption have detrimental effects on parabolic pulse evolution and thus, on the performance of configurations utilizing DDF [23] .
In this paper, a dynamic temporal pulse shaping technique is explored. Optical pulses from a mode-locked laser are temporally stretched to a duration of several nanoseconds. An intensity modulator is driven with an appropriate voltage signal to shape the input pulses into parabolic temporal profiles. This technique to generate a parabolic temporal intensity profile as well as dynamically control properties of the output pulse with any input pulse profile, is demonstrated experimentally. The schematic for temporal pulse shaping is shown in Fig. 1 . The near transform limited pulses generated by a mode-locked laser (MLL) are temporally stretched using dispersioncompensating fiber (DCF). Due to the high dispersion experienced by the pulses in the DCF, a wavelength-to-time mapping of the temporally stretched pulses is observed, so the temporal profile of the dispersed pulses closely resembles the shape of the input optical spectrum [24] . Subsequently, the stretched pulses are sent into an intensity modulator. A broad bandwidth arbitrary waveform generator (AWG) is used to generate a voltage drive signal. This drive signal is applied to the intensity modulator and is synchronized with the arrival of the stretched pulses, to impart a parabolic intensity profile to the stretched pulses.
Experimental setup
To synchronize the voltage signals generated by the AWG with the incident optical pulses, pulses from the same mode-locked laser are photo-detected, and used to trigger the AWG. Since the quality of the shaped pulses directly depends on the quality of the voltage drive signal, an AWG with a sufficiently large bandwidth and high temporal resolution is required to generate a high quality drive signal. The AWG used in the experiment has a sampling rate of 10 GSamples/sec and a bandwidth of 10 GHz. After shaping, the parabolic pulses are photo-detected, and a sampling oscilloscope is used to monitor the quality of the pulses.
The typical transmission function of an intensity modulator is given by the equation
where V is the applied voltage and V π is the voltage at which the transmission of light through modulator changes from minimum to maximum. For a known intensity profile of an input pulse I(t) input , the response function in time P(t) of the intensity modulator required to generate a parabolic pulse can be calculated by:
where I(t) output is the desired output parabolic intensity profile. From Eqs. (1) and (2), the required drive voltage signal can be obtained by:
The important aspect of this approach is that it allows dynamic control of the properties of the output pulses such as pulse shape, pulse width, and amplitude, and can be configured to work with input pulses with any intensity profile.
Results
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Two different types of configurations were used in this work: a CW laser which simulates a square pulse input to the system and a MLL with Gaussian-shaped pulses. As a proof of concept experiment, a temporally gated CW laser is used as a seed source to simulate a square pulse input to the system, as can be seen in Fig. 2 . It should be noted that the square pulses with linear chirp and uniform intensity can be produced with the frequency swept modelocked laser [25] . Using the procedure described in section 2, the voltage drive signal is calculated and plotted in Fig. 3(a) . It's evident that the drive signal (blue) generated by the AWG (Fig. 3(a) ) matches very well with the required signal (red). The power spectrum of this signal is shown in Fig. 3(b) , where the calculated power spectrum agrees with the measured spectrum up to 1.5 GHz. In this figure, the required power spectrum (red) is the envelope of the desired signal, because it is calculated from a non-periodic drive signal, unlike the measured power spectrum of periodic signals generated by the AWG (blue). The signal generated by the AWG is used to drive the modulator, resulting in parabolic pulses, plotted on a logarithmic scale in Fig. 4(a) . Notice that in Fig. 4(a) , the pulse edges fall sharply following the parabolic fit, with an observed extinction ratio of 30 dB. To further demonstrate the precision of the generated parabola, the residual error over the full temporal duration of the pulse of 20 ns is calculated, by taking the difference of this parabolic pulse with the fitted parabola, and is shown to be less than 3%, as seen in Fig. 4(b) .
In the second experiment, near transform limited pulses generated from a MLL are temporally stretched using 10 km of DCF. The shape of the optical spectrum is approximated by a Gaussian function with a full width at half maximum (FWHM) bandwidth of 6.6 nm, with a center wavelength at 1556 nm and a repetition rate of ~2.45 MHz. Pulses passing through the DCF are temporally stretched and spectrally dispersed, with the temporal profile of the dispersed pulses closely resembling the Gaussian shape of the optical spectrum. The DCF has a dispersion of ~1350 ps/nm which induces a linear frequency chirp and temporally stretches the pulses to 8.9 ns duration (FWHM): Δt = D•Δω, where Δt is the pulse duration at FWHM, D is the dispersion of the DCF, and Δω is the optical bandwidth (FWHM). Stretched pulses with longer temporal durations allow higher resolution shaping, due to the fixed temporal resolution of the AWG. The pulse train is then directed to an intensity modulator that is driven by an appropriate voltage signal, to produce pulses with parabolic intensity profiles. Figure 5(a) shows the calculated drive signal, with a temporal duration of ~12 ns. The small discrepancies between the generated signal and the required signal are due to the bandwidth limitation of the AWG. The generated power spectrum of this drive signal can be seen in Fig. 5(b) and is found to be in agreement with the calculated power spectrum up to 1.75 GHz in bandwidth. The drive signal is applied to the intensity modulator and is synchronized with the arrival of the stretched pulses, resulting in parabolic pulses. Figure 6 (a) shows the optical spectrum before and after pulse shaping, and an extinction ratio of 27 dB is observed. A close observation of Fig. 6 (a) reveals that the optical power at the wings of the input pulse is attenuated to create parabolic shape at output pulse. The amplitude of pulses before and after pulse shaping has been adjusted for easy comparison. Figure 6 (b) shows a residual error of less than ~5% over the pulse duration of 12 ns. The pulses after shaping are compressed to achieve high peak power using a commercially available chirped fiber Bragg grating (CFBG) (Fig. 7) . The parabolic pulses of 8 ns duration (FWHM) before compression are compressed to 80 ps. In this experiment, the limiting factor of compression appears to be the group delay ripple of the CFBG of approximately 80 ps. Using a different CFBG with smaller group delay ripple can reduce group delay ripple effect, and produce much shorter compressed pulses [7] . It should be noted that SPM phase can complicate compression of pulse. In our experiment, the peak power -length product is ~0.13 Wkm, which is much smaller than the 1.5 Wkm threshold in SMF for SPM, minimizing nonlinear residual dispersion.
Conclusion
A dynamic temporal approach for the generation of parabolic pulses which enables dynamic control of the pulse properties such as pulse shape, pulse width and amplitude has been investigated experimentally. Pulse shaping using a gated CW laser input is demonstrated, yielding parabolic pulses with less than 3% error and 30 dB signal to noise ratio. Using a mode-locked laser source, parabolic pulses with less than 5% error and 27 dB signal to noise ratio are achieved. These parabolic pulses are compressed by a factor of 100, using a chirped fiber Bragg grating. We believe this approach represents a significant step toward realizing high power CPA applications of fiber laser seeded systems.
